Duchenne muscular dystrophy is a severe pediatric neuromuscular disorder caused by the lack of dystrophin. Identification of biomarkers is needed to support and accelerate drug development. Alterations of metabolites levels in muscle and plasma have been reported in pre-clinical and clinical cross-sectional comparisons. We present here a 7-month longitudinal study comparing plasma metabolomic data in wild-type and mdx mice. A mass spectrometry approach was used to study metabolites in up to five time points per mouse at 6, 12, 18, 24 and 30 weeks of age, providing an unprecedented in depth view of disease trajectories. A total of 106 metabolites were studied. We report a signature of 31 metabolites able to discriminate between healthy and disease at various stages of the disease, covering the acute phase of muscle degeneration and regeneration up to the deteriorating phase. We show how metabolites related to energy production and chachexia (e.g. glutamine) are affected in mdx mice plasma over time. We further show how the signature is connected to molecular targets of nutraceuticals and pharmaceutical compounds currently in development as well as to the nitric oxide synthase pathway (e.g. arginine and citrulline). Finally, we evaluate the signature in a second longitudinal study in three independent mouse models carrying 0, 1 or 2 functional copies of the dystrophin paralog utrophin. In conclusion, we report an in-depth metabolomic signature covering previously identified associations and new associations, which enables drug developers to peripherally assess the effect of drugs on the metabolic status of dystrophic mice.
Introduction
Duchenne muscular dystrophy (DMD) is a rare neuromuscular disorder affecting 1 in 5000 male births (1) . Patients with DMD become wheelchair dependent by the age of 10-12 years of age and die prematurely due to cardio-pulmonary complications in the 2nd-4th decade. The disease is caused by mutations in the dystrophin encoding DMD gene (2) . There is currently no cure for the disease; however, the implementation of standards of care and chronic use of corticosteroids has significantly improved patients' quality of life. In recent years, a number of therapeutic compounds have been tested in clinical trials in DMD (3), and two compounds received conditional and accelerated approval by the EU (4) and USA (5) regulatory authorities, respectively.
Therapies currently in development for DMD aim to slow down disease progression, which poses challenges on evaluating drug efficacy in clinical trials. While DMD is a progressive disease leading to the irreversible loss of function in patients, the functional decline during the duration of a clinical trial (6-24 months) as picked up with functional outcome measures is generally limited and can vary greatly between patients. In fact, many clinical trials failed to pick up a therapeutic effect (i.e. slower disease progression). This could be due to poor drug potency, but also to non-optimal trial design, insensitive and/or non-optimal outcome measures and to inter-individual variability in patients' performance. Retrospective analysis showed that the power of clinical trials has been overestimated, due to assumptions that later turned out to be incorrect. For example, a recent phase 3 trial failed with an observed power of 0.53 in contrast to a prespecified power of 0.9 (6) .
These failures led to a number of research initiatives aimed at identifying biomarkers in blood and urine to be used as surrogate or secondary endpoints in clinical trials. Recent research has enabled the identification of multiple proteins (7) (8) (9) (10) (11) (12) (13) (14) and miRNAs (15) (16) (17) (18) (19) able to separate healthy and DMD cases in cross-sectional studies. These studies have shown the diagnostic potential of these biomarkers without assessing their value in monitoring disease progression. So far, only a few studies have explored whether metabolites in the blood stream could serve as biomarkers in DMD patients (20) (21) (22) and DMD animal models (23, 24) . The focus of those studies has mainly been on the identification of a metabolic signature between healthy and disease in a cross-sectional manner. However, it is also important to know the long-term trajectories of these biomarkers, and how they correlate to or are predictive of pathology and function. Therefore, we here focus on the identification of longitudinal changes representative of disease progression in mice derived plasma samples. We present a prospective 7-months longitudinal study in which we obtained plasma samples from wild-type (WT) and mdx mice (the most used murine model of DMD carrying a nonsense mutation in the Dmd gene) at five different time points. We identified a signature of 31 metabolites in plasma able to discriminate between mdx and WT at different stages of the disease. We further compared the identified 31 metabolites in dystrophin negative mice carrying 2, 1 or no functional copies of the Utrn gene, encoding utrophin, which is a dystrophin paralog able to compensate to some extent for lack of dystrophin in mice. In fact, utrophin upregulation is one of the therapeutic approaches in development for DMD (25) .
The presented study is the first of its kind with multiple phased longitudinal samples spanning a period of 7 months. The collected data show that metabolomic signatures are able to detect a disease progression signature beyond the known degeneration/regeneration phase known to occur in the first 10-12 weeks of the disease. The identified signature further shows how pathways targeted by drugs in development such as metformin could be monitored by studying the metabolomic signature in peripheral blood.
Results
WT and mdx mice were included in the experiment starting from 4 weeks of age. Plasma samples were obtained at five time points at 6, 12, 18, 24 and 30 weeks of age as indicated in Figure 1A . Skeletal muscles were isolated after sacrifice at 30 weeks of age. Mouse weight was recorded before and after fasting. Mdx mice were on average heavier compared with WT mice (Fig. 1B) . H&E staining on tibialis anterior muscles obtained at 30 weeks of age showed an increase percentage of fibrotic/inflammatory/necrotic tissue compared with healthy mice, confirming the expected alterations due to the lack of dystrophin (Fig. 1C) . A metabolomic approach was taken to identify non-invasive biomarkers during mdx mice disease progression. This analysis provided a list of 106 metabolites, most of which were amino acids, peptides and analogs ( Fig. 1D ). We performed unsupervised clustering on all samples as initial data exploration to assess whether clustering of WT and mdx mice could indicate the presence of a signature able to separate the two strains. Indeed, a reasonable clustering was observed between the two genotypes with a good but not complete separation of WT and mdx mice ( Fig. 1E ). This initial exploration showed that a potential signature is present in the data. To visualize the strength of correlations in the data set, we clustered the correlation matrix across metabolites showing that some correlation exist in the data set ( Fig. 1F) .
Given the availability of up to five repeated measurements per mouse, we analyzed all metabolites with linear mixed models that account for the longitudinal nature of the data. We tested for differences in mean profiles at any time point between mdx and WT mice by testing whether both the main effect of group and its interaction terms with time are null. A comparison between the obtained and expected P-values (in case of no difference between groups) highlighted the presence of many metabolites differentially represented in mdx mice ( Fig. 2A) . A total of 31 metabolites showed significant differences between mdx and WT mice (FDR <5%). The majority of differences between mdx and WT mice were observed between weeks 12 and 24, with only minor differences observed at 6 weeks of age. Seven metabolites showed overall reduced relative levels in mdx compared with WT, while the remaining 24 were increased in mdx. Dipeptides normally highly represented in muscle tissue such as carnosine and anserine ( Fig. 2B and C) showed a persistent increase in mdx compared with WT, while amino acids such as ornithine and glutamine ( Fig. 2D and E) were reduced in mdx mice in accordance with previous reports in patients (20, 21) . A list of the significant differences between mdx and WT for each time point is presented in Supplementary Material, Table S1 , while trajectory plots for metabolites are presented in Figure 2 and Supplementary Material, Figure S1 . Only citrulline and tryptophan showed significant differences at all time points, with an inversion in directional changes at 6 weeks of age compared with the later sampling times (Supplementary Material, Figure S1 ). Metabolites in the guanidinoacetic acid, creatine and creatinine axis were elevated in mdx mice ( Fig. 2F-H ). While the elevation of creatine in mdx mice is in line with the previously reported elevation in patients (21, 22) , guanidinoacetic acid was previously reported to be reduced in patients (21) . Creatinine showed a non-significant trend towards an increase in mdx mice, again showing a difference compared to patients (21) . Supplementary Material, Figure S2 shows the individual mice trajectories for the significant associations presented in Figure 2 . A number of nucleosides derivatives (methyladenosine, methylguanine and cytidine) were elevated in mdx mice as well multiple metabolites involved in amino acid conversions were significantly affected (Supplementary Material, Figure S1 ).
Pathway analysis of the data was performed with the global test. A total of 25 pathways were found to be significant (Supplementary Material, Table S2 ). Pathways affected showed that some of the metabolites belonging to the same pathways provided a significant and opposite contribution to the pathway . Interestingly, network analysis showed how several metabolites with reduced plasma levels in mdx mice were amino acids downstream the NO precursor arginine, which was found to be elevated in mdx mice (Fig. 3E ).
The data obtained in mdx mice revealed the presence of a metabolic endo-phenotype in these mice. The observed changes were consistent for the whole study duration supporting a role of these metabolites in disease progression. To further test whether the 31 metabolites identified in the comparison between mdx and WT mice were associated with disease trajectories and disease severity, we studied mdx mice carrying 0, 1 or 2 functional copies of the dystrophin paralog utrophin, as utrophin gene dosage has been linked to disease progression in mdx mice (26) . Plasma samples were obtained at 6, 12, 18, 24 and 30 weeks of age for mice carrying either 1 or 2 functional Utrn alleles, while for double knock-out mice samples were only obtained at 6 weeks of age given the severe phenotype of these mice. The levels of propionylcarnitine and methylimidazoleacetic acid appear to relate to the number of functional Utrn copies (P < 0.05); however, the association was not significant after multiple testing correction (FDR > 5%). Line plots for propionylcarnitine and methylimidazoleacetic acid are presented in Figure 4 , while line plots for the other 29 metabolites are presented in Supplementary Material, Figure S3 . Double knock-out mice showed elevated levels of both metabolites at baseline compared with mice carrying at least one Utrn functional allele. Furthermore, mice carrying one functional Utrn gene showed higher levels of propionylcarnitine and methylimidazoleacetic acid compared with the mice with two functional alleles. Specifically, propionylcarnitine showed elevation at 12 (P = 0.02) and 24 weeks (P = 0.07) of age, while methylimidazoleacetic acid showed a significant increase at 24 weeks (P = 0.007). Interestingly, changes between mdx and WT mice were also identified for the same time points with propionylcarnitine being elevated at 12 weeks of age in mdx mice and methylimidazoleacetic acid being elevated at 18, 24 and 30 ( Fig. 4C and D).
Discussion
DMD is rare genetic condition caused by mutations in the DMD locus resulting in the lack of dystrophin protein. A number of omics studies have been performed especially in skeletal muscle tissue obtained from patients and animal models to understand the biology of the disease, to identify drug disease progression in order to anticipate disease milestones and eventually substitute clinical endpoints in clinical trials. Most of the omics research focused on the identification of genetic modifiers (27) , gene expression by microarray (28) (29) (30) (31) (32) and RNAseq (19) , protein abundance by mass spectrometry (8, (33) (34) (35) and affinity assays (7, (9) (10) (11) 36, 37) . Studies of metabolites involving muscle tissues have been somewhat less covered with one study showing analysis of muscle biopsies obtained from multiple forms of muscular dystrophy (38) and a few studies reporting changes in dystrophic mice (24) and golden retriever muscular dystrophy (GRMD) dogs (39) . These studies clarified the pathophysiology of the disease including the energy deficit in DMD.
Clear associations included the impaired energy production in DMD muscle such as the reduction in glutamine levels in muscle tissue (38) . Glutamine is mostly produced by muscle mass in the body (40) , and it is one of the major energy sources for muscle cells (41) . Glutamate/glutamine levels have been found to be increased in mdx muscle consistently at 3, 6 and 12 months of age (42, 43) but reduced in DMD patients muscle (38) . The described increase of glutamine levels in mdx muscle is opposed to our observation in plasma, where a persistent reduction is present starting from week 12 up to 30 weeks of age. It is possible that mice may compensate for the lack of energy in muscle fibers, caused by the known reduction in creatine concentration (43) , with increased glutamine consumption; the augmented glutamine use by muscle would then be mirrored by reduced glutamine levels in circulation, such as in cachectic conditions (44, 45) . In DMD patients, glutamine levels are reduced in muscle (38) but unaffected in plasma (21) , consistent with the inability of patients' muscle to increase glutamine metabolism and compensate for the known reduction of creatine (46) (47) (48) and its energy buffering capacity. Glutamine synthesis depends on intermediates of the tricarboxylic acid (TCA) cycle such as fumarate, which has been shown to be reduced in DMD muscle biopsies (38) , and alpha-keto glutarate. Metabolites of the TCA cycle have been shown to be affected in dystrophic mice (49) and dystrophic dogs (39) . Further evidence from gene expression studies in GRMD dogs (50) but also from proteomic profiling in patients' blood (10) show that enzymes of the TCA cycle are affected in DMD. Glutamine reduction can also be linked to the pathway leading to the synthesis of nitric oxide synthase (nNOS), a key player in DMD pathophysiology (51) . Indeed, glutamine can be converted into citrulline, which is the only precursor for arginine synthesis (52) . Our data show that both glutamine and citrulline are reduced in mdx mice, while arginine levels are elevated. Arginine is then converted in nitric oxide by nNOS, a direct dystrophin binder, which is typically displaced by the lack of dystrophin (53) . Interestingly, supplementation of arginine and metformin showed improved muscle function in an open-label proof of concepts study (54) . A follow-up double blind placebo controlled study was then planned substituting arginine with citrulline with the same intent (55) . These metabolites could therefore be explored as pharmacodynamic readouts in such trials. Reduced glutamine levels could also be due to the reduced glutamine synthetase activity, which has been connected to the extrahepatic (and in particular muscular) ammonia detoxification (56), a pathway particularly significant in our data set.
Reduced energy capacity is also evident by the previously published evidence that the guanidinoacetic acid-creatinecreatinine axis is affected in DMD (22, 57) and that the ratio between creatine and creatinine is associated with patients performance (21) . Interestingly, mdx mice show increased plasma levels of all three metabolites, while patients show increased creatine and reduced guanidinoacetic acid and creatinine, underlining again the differences in metabolic capacity of mdx muscles compared with DMD muscles.
We further show that histidine, one of the glucogenic amino acids, is reduced in mdx mice plasma. Reduction of histidine levels could be related to the synthesis of carnosine, which is synthesized by carnosine synthase starting from histidine and beta-alanine. Carnosine levels were shown to be reduced in mdx muscles (43) and we report here an increase of carnosine levels in blood leading to postulate a release/leakage of carnosine to the blood stream in mdx mice. Carnosine is a dipeptide highly present in muscle, which is linked to muscle buffering capacity in muscle fibers. Elevated synthesis of carnosine via carnosine synthase could deplete histidine levels in an attempt to improve muscle buffering. This theory could be supported by the increased anserine levels in the plasma of mdx mice, which could also be produced by carnosine synthase starting from 3methylhistidine.
By comparing mice carrying different functional utrophin copies, we did not identify metabolites able to separate mice with different functional Utrn copy number. However, propionylcarnitine and methylimidazoleacetic acid showed elevated profiles in more severely affected mice. The elevation of propionylcarnitine could be linked to the mitochondrial dysfunction. In type 2 diabetes, propionylcarnitine has been shown to be the predictive of mitochondrial dysfunction in muscle (58) ; DMD patients show some molecular characteristics of metabolic syndrome such as elevated serum leptin levels (7, 59) , and propionylcarnitine could indicate the known mitochondrial dysfunction associated with the lack of dystrophin. On the other hand, increased levels of methylimidazoleacetic acid could be related to performance via the histamine metabolism. Indeed, methylimidazoleacetic is the end product of the histamine catabolism, which is related to blood vessel dilation and permeability. Treatment with histamine and serotonin showed a beneficial effect on dystrophic mice (60) . The net effect of histamine is however unclear as the improvement could also be due to the serotonin, which is in fact synthesized starting from tryptophan, which we describe here to be reduced in mdx compared with WT mice.
Our data partly overlap with recently published data (23, 24, 57) in dystrophic mice, such as alterations in metabolites mapping to the TCA cycle and glutamine identified in 4 to 6 months old Dmd mdx-4Cv mice (23) or the creatine increase identified in mdx BL10 mice (24) . However, the differences across analytical platforms (such as in the study by Lee-McMullen et al.
where NMR is used), study design (our study is longitudinal while previous studies are cross-sectional), genetic background (we use BL10 mdx, while Joseph et al. report on Dmd mdx-4Cv ) and sample numbers are likely responsible for the different observations.
A strong point in our study is the availability of repeated measurements; published studies so far showed only single measurements per individual mouse, therefore limiting the possibility to model disease progression at the individual level. A weak point is the number of animals involved, which is limited to five per group but in line with previous publications; however, the availability of repeated measurement allowed us to increase the power to reliably identify the metabolic signature (61) .
In this study, we have provided an in depth characterization of the circulating metabolites in four mouse models of DMD. The longitudinal follow-up of mice over a period of 30 weeks allowed us to model individual trajectories over the different phases of the disease, encompassing the highly regenerative phase up to the deteriorating phase. This enabled us to show that peripheral metabolic changes are less evident in young mice where performance is less affected but histological findings are more pronounced; in contrast, metabolites show a stronger signature at later stages when histology is improved but performance is worsening. We have shown how different metabolites are connected to the pathophysiology and to the mechanism of action of nutraceuticals and pharmaceuticals in development in the DMD space. The collected data will be helpful to evaluate the effects of drugs targeting dysregulated metabolic pathways such as the application of citrulline and metformin or serotonin and histamine. Furthermore, detailed reconstruction of metabolic flux over time could enable to propose therapeutic agents with potential beneficial effect in dystrophinopathies.
Materials and Methods

Mice
WT and mdx mice (five per group) were included in the experiment starting from 4 weeks of age. Only male mice were included in the experiment. Mice were kept in individually ventilated cages and were fed ad libitum with chow and had free access to water. Blood samples were obtained via the tail vein when mice were 6, 12, 18 and 24 weeks of age and from the eye at week 30. Mice were fasted for 4-6 h before sampling; during this time, they had free access to water. Mice were anesthetised with isoflurane before sampling, and a solution of lidocaine and adrenaline was applied on the tail cut before they were allowed to wake up from anaesthesia. Blood samples were obtained in heparin lithium tubes. Mice were sacrificed by cervical dislocation after the last sample was collected at 30 weeks of age. Muscles were then collected as well, and H&E staining was performed to quantify the proportion of unhealthy tissue (fibrosis, necrosis and inflammation) over the total as previously described (62) . To test whether differences in disease severity existed, we included mice with different copy number of functional utrophin alleles. Five mice per group were included. Plasma samples were obtained at 6, 12, 18, 24 and 30 weeks of age for mice carrying 1 or 2 functional copies of utrophin, while for double knock-out mice, only samples at 6 weeks of age were collected. Double knock-out mice were sacrificed at 6 weeks of age as they were too severely affected to be kept. The experiment was evaluated and approved by the local animal welfare committee under DEC number 13154.
Sample preparation and data acquisition
Plasma samples were kept on ice and centrifuged at 18 000g for 5 min at 5 • C. After centrifugation, the supernatant was aliquoted and frozen at −80 • C pending use. The sample order of the sample preparation and the analytical batch was randomized to avoid bias. The procedure for data acquisition has been previously described for the analysis of human plasma (21) . Briefly, plasma samples were introduced into a Transcend 1250 LC (Thermo Fisher Scientific) fitted with a Sequant ZICpHILIC 5 μm, 2.1 × 150 mm column (Merck). This was then coupled to a Q-Exactive mass spectrometer (Thermo Scientific) in both positive and negative ionization modes, alternatively.
Data analysis (peak picking and features annotation) was performed using TraceFinder 3.1 (Thermo Fisher Scientific). Annotation was based on the exact m/z ratio of the pseudo-molecular [M + H] + or [M − H] − ions in positive and negative mode, respectively (±5 ppm mass tolerance); retention time and isotopic pattern were also used to align to an in-house database of authentic standard compounds. The obtained data set was cleaned based on several parameters as described by Dunn et al. (63) . The coefficients of variation of the areas of chromatographic peaks of features in QC samples (pool of each sample analyzed every five samples) should be below 30%, the coefficient of correlation between QC dilution factors (series of dilution of the QC sample) and areas of chromatographic peaks should be above 0.7 and the ratio of chromatographic peak areas of biological to blank samples above a value of 3.
After LC-MS analysis of samples and annotation of features, QC samples were re-injected for higher energy collisional dissociation MS/MS experiments in positive and negative ion modes on the same instrument set in targeted mode using inclusion lists. Only features that match with the MS/MS spectrum of the corresponding chemical standard were kept. These annotations correspond to the level 1 according to the Metabolomics Standards Initiative (64) . Relative quantification was finally performed by comparing raw areas of identified compounds. For metabolites detected and identified in both negative and positive modes, only the data obtained in negative mode were included in the data analysis given that most metabolites were detected in that mode. Data are available as Supplementary Material with Supplementary Material, Table S3 providing the data used to compare WT and mdx mice and Supplementary Material, Table S4 reporting the data used to compare mdx mice with different functional copies of utrophin.
Statistics
A preliminary analysis of the raw metabolomics data highlighted considerable differences in the order of magnitude of metabolite concentrations; to correct for this, auto-scaling was employed to normalize the raw data, dividing the concentration levels of each metabolite at each time point by its standard deviation (65).
Visual exploration of the normalized data was performed by generating a heatmap where both samples and metabolites were clustered using the average linkage method in combination with the Euclidean distance. We employed linear mixed models (66) to study the dynamic evolution of each metabolite over time and to identify differences between WT and mdx mice at different time points. We considered a linear mixed model where the concentration of a metabolite in sample j from individual i, y ij , depends on time (categorical), strain (WT and mdx) and their interactions as fixed effects, as well as on mice-specific random intercepts u i0 andslopes u i1 :
where w12 ij , w18 ij , w24 ij , and w30 ij are dummy variables indicating whether sample j was obtained at week 12, 18, 24 or 30, mdx i is a dummy whether mouse i is mdx (1) or WT (0), t ij denotes time (in weeks), u i0 ∼ N 0, σ 2 0 and u i1 ∼ N 0, σ 2 1 are Gaussian random effects and ε ij ∼ N 0, σ 2 5 is a Gaussian error term. The statistical significance of differences between WT and mdx mice at any time point was assessed by testing the null hypothesis H 0 : β 5 = β 6 = β 7 = β 8 = β 9 = 0 with the likelihood ratio test statistic; the P-values obtained from such test ('p-global') were then adjusted with the Benjamini-Hochberg method (FDR) (67) to account for multiple testing. Metabolites with statistically significant profiles between the two groups (FDR < 5%) were further investigated testing differences between the two groups at each time point using the Wald test.
For the 31 metabolites that displayed significant differences between WT and mdx comparison, we further checked whether differences existed between mdx mice with different utrophin copy numbers, focusing our attention on mice with 1 and 2 copy numbers (due to the fact that all mice with 0 copy numbers were sacrificed after week 6 and no samples were thus available for the subsequent time points). We considered a linear mixed model where the concentration of each metabolite depends on time (categorical), strain (mdx mice with 1 or 2 copy numbers) and their interactions as fixed effects, as well as on mice-specific random intercepts and slopes. The statistical significance of differences between the two mice groups at any time point was tested with the likelihood ratio test, and P-values were adjusted with the Benjamini-Hochberg method (FDR) (67) .
Pathway analysis was performed with the global test (68) . As pathway analyses pipeline are developed for cross-sectional but not for longitudinal data, for each mouse, we derived a summary of the trajectories described by the metabolites computing the area under the profile of each metabolite. WikiPathways were used as source for the metabolic pathways (69) . Pathway information from WikiPathways was mined using an internal workflow that interacts with the application programming interface services of WikiPathways (70) . Workflows created with the open source software Taverna Workbench (71) can be found at http://www.myexperiment.org/packs/689. All pathways and corresponding metabolites were downloaded. P-values from the global test were adjusted using the max T test correction (72) .
Cluster analysis of the metabolites was performed using Morpheus (73). The statistical analyses described in this paper were performed using R. We used the R package nlme (74) to estimate the linear mixed models and the R package globaltest (68) to compute the global test. Network visualization was performed using the MetScape App (75) in Cytoscape (76) .
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